Techniques are described for surgical preparation of isolated loops of small intestine in swine. Methods for training and post-surgical care of animals are outlined, and apparatus for perfusion of the intestinal loops are described. The viability of the loops was established by demonstration of active glucose transport. The rate of glucose absorption from isolated loops of duodenum and ileum was dependent upon the initial glucose concentration, and this relationship followed Michaelis-Menten kinetics. K m and Vma x coefficients are reported. Saturation and phlorizin inhibition of glucose transport were both demonstrated.
INTRODUCTION
Isolated loops of intestine are important for investigation of intestinal functions because they allow studies in living animals and complement in vitro studies. Data acquired from in vitro preparations are equivocal until verified in vivo. Experimental limitations associated with the use of isolated loops of intestine in other laboratory animals have been reviewed by Parsons (1968) .
The objectives of this study were (1) to describe surgical preparation of isolated loops of intestine in swine as well as presurgical training and postsurgical care of the animals, 1 The author is indebted to Mauriee Bush, Daniel Cottrell, Kenneth Mize, Richard Miller, Shirlene Johnson, and Edward J. Thacker for their assistance in various phases of the training, surgery, and postsurgical care of these animals.
2 Reference to a company or product name does not imply approval or recommendation of the product by the U.S. Department of Agriculture to the exclusion of others that may be suitable. maintenance of the isolated loops, problems encountered, and apparatus for perfusion of the loops without further restraint of the animals; and (2) to establish the viability of the loops by demonstration of glucose transport against a concentration gradient and by demonstration of saturation and inhibition (phlorizin) of the glucose transport mechanism in these loops.
METHODS, MATERIALS AND APPARATUS

Preparation of Isolated Intestinal Loops.
Each pig was trained before surgery to tolerate the laboratory apparatus as described by Pekas (1968) ; the recommended training guidelines were observed. Trained pigs were fasted no less than 24 hr before surgery; water was withheld approximately 15 hr (overnight). The animals were sedated by intravenous injection of sodium pentobarbital (approximately 10 mg/kg), followed by slow injection to attain the degree of narcosis desired, but not to exceed 20 mg/kg total initial dose. Atropine sulfate (.05 mg/kg) was administered immediately before the pentobarbital by intramuscular injection. A sterile indwelling cannula was placed into a neck vein (presumed the jugular) via a hypodermic needle and securely taped to the shoulder and neck for continuous infusion of 5% glucose in saline over a period of several days. Additional small quantities of pentobarbital were administered through the indwelling cannula as required to maintain proper narcosis during surgery. The animal was secured to the surgery table without interruption of the glucose infusion. A large area parallel to the ventral-medial border of the right rib cage and extending well over the rib cage was prepared for the laparotomy. The general principles and techniques outlined by Markowitz et al. (1964) for aseptic operation were observed. Sutures and instruments are described with the nomenclature of Markowitz et al. (1964) .
The desired segment of intestine was se-729 JOURNAL OF ANIMAL SCIENCE, Vol. 46, No. 4 (1977) PEKAS lected from anatomic reference points ( figure  1A ). The cranial small intestine in the region of the ligament of Treitz was followed by passing a flexible catheter into the lumen of the intestine through a small perforation of the stomach wall and palpating the progress of the catheter tip. The perforation was closed with sutures after withdrawal of the catheter. Segments at the caudal end of the small intestine were easily traced and identified from the ileocecal junction.
The selected segment was isolated by a pair of Doyen intestinal clamps placed side by side at each end. The intestine was sectioned between each pair of clamps; the mesentery was left intact. Loose tissue and ingesta were immediately removed from the four exposed ends (A, B, C, D; figure 1A ) with sponges, and the segment was loosely packed in sterile towels saturated with warm saline. Additional mesenteric freedom was obtained, when necessary, by careful separation of the mesentery between major blood vessels. Major blood vessels in the mesentery of the intestine immediately below the stomach sometimes had to be transected | m Figure 1 . Diagramatic illustration of the selection (1A) and preparation (1B) of an isolated loop of intestine. Continuity of the intestine was restored by end-to-end anastomosis. Perfusions were carried out by pumping perfusate media into the catheter at end "B" and collecting the perfusate from the catheter at end "C" for reperfusion.
between ligatures to allow movement of the isolated loop.
The continuity of the intestinal tract was restored by end-to-end anastomosis (ends A and D; figure 1B) ; a single row of Connel sutures (4-0 Chromic Catgut: intestinal) reinforced by a single row of continuous Lembert sutures (also 4-0 Chromic Catgut) was used. Tissue edges were aligned for suture placement with guy sutures (2-0 braided silk). Attempts to complete the anastomosis by suturing over McCleery-Miller intestinal anastomosis clamps were not successful; intestinal obstructions, resulting from diaphragms at the suture line, were common when these clamps were used. The anastomosis site was then cleaned, inspected, manipulated down into the viscera, and, if possible, covered with loose mesentery.
The isolated segment (from B to C; figure  1B ) was brought to the surface of the visceral mass and repacked in fresh moist sterile towels, and the cranial end was identified. A latex Pezzer catheter, selected to fit easily into the lumen of the intestine, was inserted into the lumen at each end of the loop and secured with a purse-string suture (2-0 braided nylon). The first row of purse-string sutures was inverted and reinforced by a second row. The suture points were carefully cleaned and inspected, and the isolated loop was arranged to insure that the mesentery was not twisted. The free end of each catheter was then pulled to the exterior through puncture incisions in the body wall. If the mesentery allowed, the catheters were pulled snug against the body wall to facilitate formation of peritoneal adhesions between the body wall and the ends of the isolated loop. Alternatively, the ends of the isolated loops were wrapped with omentum. The exteriorized part of the catheters was temporarily secured to the skin with nonabsorbable suture material. The laparotomy was then closed with a separate continuous suture line (0 Chromic Catgut) for the peritoneum and for each muscle-fascia layer. A final row of interrupted sutures (No. 3 nonabsorbable synthetic suture) was used to close the skin incision.
Postsurgery Care of Animals. Anesthesia was discontinued as soon as the surgery was completed. The animal was immediately removed to a heated recovery pen where the intravenous glucose-saline infusion was continued, and the animal was observed constantly until it regained consciousness. When the animal was able to stand and walk unassisted, it was allowed to walk voluntarily up a ramp i~to the laboratory apparatus, as trained, without interruption of the glucose-saline infusion. The animal was kept warm with heat lamps, and the glucose-saline infusion was adjusted to maintain the animal in a strong condition and positive liquid balance. Drinking water was made available after 48 hours. Feed was withheld the first 2 to 4 days; thereafter, feed was made available in gradually increased quantities until voluntary consumption approached presurgery intake. Vomiting was common during this phase. When vomiting was extensive, the saline infusion was replaced with Ringer to replace electrolytes. The isolated loops were irrigated daily with sterile saline at 37 C. The pigs were exercised and bathed daily in a floor pen without interruption of the glucose-saline infusions. The animals walked out and returned to the swine laboratory apparatus voluntarily. These requirements emphasize the need for gentle, well-trained animals. Daily baths with warm water were essential to eliminate the severe skin irritation caused by the intestinal secretions. Dermal sutures were removed after 7 to 14 days. The glucosesaline infusions were discontinued only after a good appetite was apparent, usually after 7 to 14 days.
Perfusion of Isolated Loops and Apparatus.
The apparatus used for recycle perfusion is illustrated in figure 2. Recycle perfusion is defined here as the collection of the intestinal perfusate in the reservoir-mixing flask and reperfusion of this fluid through the intestinal loop. The perfusion fluid was pumped (20 ml/min) from the reservoir-mixing flask through a spun-glass mucus and cellular debris filter and a stainless steel heat-exchanger coil (adjusted to bring the medium to body temperature) and into the cranial end of the isolated intestinal loop; the perfusate was collected from the caudal end of the intestinal loop and returned directly to the reservoir-mixing flask. This perfusion system was equipped with a bypass circuit to equilibrate the perfusion fluid with the perfusion apparatus without perfusion of the intestinal loop. Perfusion of the intestinal loop was initiated immediately after the equilibration period by turning valves in the bypass circuit to direct the perfusion medium through the intestinal loop.
Perfusions were performed in the swine laboratory apparatus designed for this type of study (Pekas, 1968) Glucose Absorption Tests. The age, breed, and weight of animals used are described in table 1 along with weight changes during the period each animal was involved in the study. The intestinal loop was irrigated with a syringe and sterile saline before the perfusion apparatus was connected to the intestinal loop to insure that the loop and catheters were free of obstructions. Sterile isotonic saline was perfused, using the apparatus, to clear the loop of mucosal debris and to verify that the preparation and equipment were working properly before the glucose-14C medium was perfused.
The series of five media for each experiment was perfused in order of progressively increasing glucose concentrations to minimize the risks of large concentration errors and saturation of the glucose transport system.
The glucose perfusion media were prepared as follows: Glucose-14C (uniformly labeled) was transferred to a 100-ml volumetric flask to obtain a final concentration of 10,000 dpm/ml. Nonlabeled glucose was added to obtain the desired molar concentration. The final glucose concentrations ranged from .05 to 150 mM. NaC1 was added to adjust the final osmotic concentration to 308 milliosmolar.
PEKAS
Each radiolabeled medium was transferred volumetrically to the reservoir-mixing flask (100-ml round bottom flask) of the apparatus (figure 2). The medium was pumped (20 ml/min) through the heat exchanger (41.9 C; effluent perfusate, 39.6 C) and intestinal bypass circuit for 5 min to equilibrate the medium with the apparatus. The 14 C concentration was verified after the equilibration. Perfusion of the isolated intestinal loop was started immediately after equilibration and continued for 60 minutes. Samples were taken from the reservoirmixing flask at 5, 20, 40 and 60 min of intestinal perfusion. The perfusate remaining in the intestinal loop and apparatus after 60 min was collected in the reservoir-mixing flask by gravity flow, and air was pumped to displace the fluid. The apparatus, including the bypass circuit, and the intestinal loop were then rinsed by perfusion with 100 ml of sterile isotonic saline. The saline rinse was collected separately from the glucose perfusate. The volumes and 14C concentrations of the samples, recovered perfusate, and saline rinse were measured. The quantity of glucose absorbed was determined by (a) the percentage drop of the glucose-laC concentration in the perfusate during the 60-min perfusion and (b) as 100 minus the sum of percentages of glucose -14C found in the samples, recovered perfusate, and saline rinse. Data obtained by the latter method (b) was used for the Lineweaver-Burk plots and to interpret the kinetics of glucose absorption because it was the least variable, likely because the first method (a) was influenced by the volume of water absorbed or secreted.
Only unidirectional movement of glucose away from the isolated loop4 lumen was followed by measuring glucose -1 C disappearance from the perfusate; net glucose transport was not measured. If nonlabeled endogenous glucose diffused into the intestinal perfusate during perfusion of medium with a glucose concentration below the concentration in blood (less than 5.5 mM), the quantity of net glucose absorption would be less than the quantity estimated by glucose-14C disappearance.
Kinetic coefficients, K m and Vmax, of glucose absorption were derived from Lineweaver-Burk plots relating the reciprocal glu-1 cose concentration (~-)_to the reciprocal absorption rate or velocity (v) as in enzyme kinetic studies. The K m (also called K t in transport studies) value in transport studies is taken as an estimate of the substrate concentration in the perfusion medium that would elicit an absorp3oo. tion rate one-half the maximum absorption rate (1/2 Vmax).
Phlorizin inhibition of glucose absorption 2,o was examined at three concentration~ of glu-"~ cose (.05, 5.0 and 150 mM) and three concentrations of phlorizin (.0, .1 and 1.0 mM) in the ~oo. perfusion medium. In each inhibition test, the base glucose absorption rate was measured first ~ 120" by a control perfusion and followed by perfusion of a medium containing the inhibitor. The difference in the quantity of glucoseJaC Go. absorbed in each paiz of perfusions was attributed to phlorizin inhibition.
RESULTS AND DISCUSSION
An ileal loop was perfused (pig P-8) 57 days after surgery; the series of media perfused had glucose concentrations between .05 to 5.55 mM which were equal to or lower than the normal glucose concentration of swine blood plasma (100 mg % or 5.55 raM). Under this condition, glucose must be transported across the intestine against a concentration gradient. A similar series of perfusions was repeated With the same loop of ileum 375 days after surgery. The results of these studies are shown in figure 3 .
The same loop of ileum was perfused again with a series of media that contained glucose concentrations from 5 to 150 mM (concentra- Figure 5 . Lineweaver-Burk plot of glucose absorption data from an isolated loop of ileum of a miniature pig (P-19) perfused with a series of media containing glucose at concentrations greater than the normal glucose concentration of swine blood. isolated loop of ileum in a miniature pig (P-19) 29 days after surgery. These results are summarized in figure 5. The K m value derived from these perfusions was essentially identical to the value obtained with the ileal loop of the domestic pig. The different maximum glucose absorption rates, Vmax, obtained for the respective loops were expected because the lengths and presumably the absorptive surface area of the loops were different.
The duodenal loop of animal P-13 was perfused with a series of media that contained glucose in the range of .5 to 5.0 mM. The results obtained from perfusions performed 15 days after surgery are shown in figure 6 .
Glucose absorption during phlorizin inhibition of active transport mechanisms is shown in table 2. When the perfusion fluid contained 150 mM glucose, approximately 30 times the glucose concentration of normal pig blood, glucose absorption was essentially completely inhibited by 1 mM phlorizin. This test was conducted after a preliminary perfusion (5 min) with 150 mM nonradioactive glucose and 1 mM phlorizin medium. The preliminary perfusion was to expose and equilibrate the epithelial surface with phlorizin before the test because only 50 to 65% inhibition of glucoseJ4C absorption Figure 6 . Lineweaver-Burk plot of glucose absorption data from an isolated loop of duodenum (animal P-13) perfused with a series of media containing glucose at concentrations below the glucose concentration of normal swine blood. was observed with .1 mM phlorizin and .05 mM or 5 mM glucose media perfused without pre-exposure of the tissue to the inhibitor.
The methods "and apparatus described for preparation and perfusion of intestinal loops in swine proved adequate for absorption research. The results indicated that glucose transport by these isolated intestinal loops followed typical Michaelis-Menten kinetics. Each glucose absorption value obtained in the five series of perfusions of duodenal or ileal intestinal loops in three pigs fell on the respective LineweaverBurk plotted line with one exception (figure 5). K m values obtained by perfusion of a loop of ileum with media containing glucose at concentrations below normal blood glucose concentrations were considerably different than values obtained with media above normal blood glucose concentrations. This difference is probably because the lowest concentrations, in the wide range of concentrations perfused, were selected purposely to examine the behavior of glucose in the range of molar concentrations to be used in future studies with xenobiotics (10 -2 to 10-6M) and as such were too low to give meaningful kinetic data for glucose. However, these studies demonstrated that experimental work can be conducted at extremely low substrate concentrations.
Obviously, the substrate concentration that saturates the capacity of any active transport process, to give the Vma x transport rate, cannot be determined by perfusion of solution concentrations that do not exceed the saturation concentration. It is just as obvious that the K m concentration, which produces a transport rate one-half the Vma x rate, cannot be determined by use of solution concentrations that are below the K m concentration. This requirement, in part, explains why some of the kinetic data obtained by perfusion of media of very low glucose concentration contradicts data obtained by perfusion of more concentrated glucose media. For example, the LineweaverBurk lines illustrated in figure 1 appear to pass through the origin, indicating that glucose transport in the ileum cannot be saturated which is a characteristic property of diffusion kinetics. Perfusion of the same loop of ileum with media of much higher glucose concentrations proved that glucose transport indeed could be saturated (figures 4 and 7). Saturation of glucose transport by the ileal loop in the miniature pig was also demonstrated (figures 5 and 7). Perfusion of a duodenal loop with the aData acquired by perfusion of loop ileum (P-8) 388 days after surgery. bLoop was perfused with 150 mM nonlabeled glucose and 1.0 mM phlorizin immediately before the glucose-14 C absorption test.
lower concentrations of glucose media yielded a calculated Km value which fell within the range of glucose concentrations tested; also, the Lineweaver-Burk plotted line clearly did not pass through the origin.
The glucose absorption rates were plotted against the initial concentration of glucose in the perfusion medium (figure 7); the figure illustrates that the transport system in the ileum was saturated by glucose concentrations in excess of approximately 75 mM. The duodenal loop was not saturated at the highest concentration perfused (5 mM).
The highest concentrations of glucose in media perfused were approximately 30 times greater than normal blood glucose concentrations, however, absorption by downhill diffu- Figure 7 . Illustration of tendency toward saturation of glucose transport as a function of the glucose concentration of the perfusate. Data obtained from a loop of duodenum (animal P-13) were amplified 30 times on each coordinate to graph with the data from two loops of ileum. sion of glucose from these fluids under this situation evidently was negligible. This conclusion is justified because phlorizin completely abolished glucose absorption. We assumed that phlorizin inhibited active glucose transport but not diffusion. The complete inhibition by phlorizin in this study is in contradiction to the conclusion of White et al. (1971) that glucose absorption from 166 to 277 mM solutions by sheep and rat intestine in vivo was mainly by passive diffusion.
o!
Further evidence will be required, however, to establish the significance of complete inhibition of glucose transport observed in this study with phlorizin. The quantity of phlorizin required per unit of time or per unit of surface area or volume of epithelial cells may be critical and may be different in vivo than in vitro. These requirements have not been established in the literature and were not explored here. Phlorizin inhibition of glucose transport in vivo has been studied before (Ponz and Lluch, 1955) . Phlorizin inhibition in vitro has been studied (Parsons et al., 1958) ; phlorizin has been shown to be a competitive inhibitior in intestinal glucose transport in vitro (Alvarado and Crane, 1962) .
The quantity of glucose transported by intestinal loops should be proportional to the area of epithelial surface exposed to the perfusion fluid; consequently, the Vma x values would be expected to be dependent on the dimensions of the respective isolated loops, which, unfortunately, are impossible to measure or control during surgical preparation. In contrast, K m values would be expected to be independent of the area of the epithelial surface exposed to the perfusion fluids because it is generally assumed that the Km reflects the Some general observations and recommendations are offered from the experience of these studies. (a) A nonabsorbable marker substance could be incorporated into the perfusate to correct for water absorption or secretion and improve the accuracy of measurements of absorption rates 9 (b) the rate of flow of perfusate returning from the isolated intestinal loops must be observed closely and the perfusion discontinued immediately when a catheter is observed to be obstructed with clots of tissue debris or mucus to avoid injury tO the isolated loop. This problem was reduced considerably by adjusting the position of the reservoir-mixing flask to a level below that of the loop so that the flow of perfusate from the intestinal loop was by gravity 9 Gravity flow from the loop also assured that the loop was not subjected to pressure distension during normal perfusions. (c) In studies involving toxic substrates, sufficient time between each test should be allowed for regeneration of a new population of epithelial cells in the isolated loop. (d) Motility of the loops was observed as rhythmic interruption in the flow of perfusate from the isolated loop to the reserv0ir-mixing flask 9 The flow stopped momentarily and was followed by a forced discharge in each cycle of this activity. (e) Duodenal loops were more difficult to prepare than ileal loops because of the shorter mesentery, the deeper body cavity near the thorax, and the differences in blood vasculature in the mesentery. (f) The epithelial lining of loops in animals maintained for 3 months to 1 year appeared normal by gross observations; however, the mesentery serving the loop generally did not appear as elaborate as that at the site from which the loop was excised 9 Intestinal adhesions were not extensive but were commonly found in the regions where the catheters were exteriorized. Occasional mild infections around the exteriorized catheters were easily controlled with antiseptic ointments (g) Although most of the pigs prepared with isolated intestinal loops were killed at the end of the investigations, several pigs were maintained for longer periods. Some of the loop preparations could not be used more than 2 to 3 months because spontaneous fistulation allowed ingesta from the intestinal tract to escape into the isolated loop. Apparently these fistulae resulted from tissue necrosis at adhesion sites or at sites of restricted circulation because of pressure exerted by the catheters. (h) To minimize the risk of losing man-hours invested in training, surgery, and postsurgical care of these animals, planned investigations should be conducted as soon as possible after the animal has adequately recovered from surgery. (i) Certain conditions of the perfusion can be adjusted to improve the sensitivity of absorption measurements: Where allowable, the volume of perfusion fluid used and the concentration of substrate should be reduced to a minimum.
Theoretically, these reductions would increase the proportion of the substrate absorbed per unit of time and improve sensitivity of the absorption measurements. The rate of perfusion of the fluid through the intestinal loop should be relatively high to minimize dead time and to improve mixing; however, excessive perfusion rates may be injurious to the epithelial lining of the loop. Although the total volume of perfusion media should be as small as possible, the volume must be several times greater than the dead volume of the perfusion system; thus, the perfusion apparatus and pump should be designed or selected accordingly.
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